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MANUAL ATTITUDE CONTROL SYSTEMS: 

VOLUME 11. DISPLAY FORMAT CONSIDEEATIONS 

by R. 0. Besco 

SUMMARY 

Experimental simulation s tud ie s  were conducted t o  inves t iga t e  var ious 
d i sp lay  parameters and t o  compare four  d i f f e ren t  formats f o r  t h e  d isp lay  of . 
spacecraf t  a t t i t u d e  information. Representative a t t i t u d e  con t ro l  maneuvers 
were performed by experienced p i l o t s  in a fixed-base spacecraf t  simulator with 
kinematic computations performed by an analog computer. Def in i t ions  of var ious 
d i sp lay  formats and se lec ted  a t t i t u d e  display parameters a r e  given. 

The r e s u l t s  of t h e  s tud ie s  a re  presented along with suggestions f o r  
a t t i t u d e  d i sp lay  design and implications f o r  t h e  se l ec t ion  of d i sp lay  formats., 

INTRODUCTION 

,-,- l h i s  volliie c m t a i n s  t h e  results o f  t h e  second phase of a four-phase 
experimental program concerning manual a t t i t u d e  cont ro l  of space vehic les .  
The goal  of t h i s  program i s  t o  provide experimentally derived est imates  of 
manual a t t i t u d e  con t ro l  system performance over a broad range of values f o r  
major con t ro l  system parameters. These d a t a  should provide design c r i t e r i a  
f o r  t h e  development of system configurations and components which w i l l  improve 
t h e  e f f i c i ency ,  accuracy, ease and safe ty  of manual vehic le  cont ro l .  

During t h e  first phase of t he  program t h e  e f f e c t s  of t h e  mode of system 
operat ion,  e .g . ,  d i r e c t  manual, r a t e  command, pulse ,  e t c . ,  upon system per- 
formance were inves t iga ted .  A n a l y t i c  and experimental inves t iga t ions  of 
opera t ing  modes were conducted t o  (1) def ine  parameters c r i t i c a l  t o  system 
performance, (2) f ind  optimum values o f  t hese  parameters and (3) provide 
comparative performance da ta  among the various cont ro l  modes. The r e s u l t s  
o f  t h e  f i rs t  phase were reported i n  Volume I (Besco, Depolo and Bauerschmidt, 
1964). 

I n  t h e  phase j u s t  completed, t h e  e f f e c t s  of se lec ted  a t t i t u d e  d isp lay  
techniques and parameters upon system performance have been inves t iga ted .  
t h e  t h i r d  phase, t h e  e f f e c t s  of con t ro l l e r  parameters w i l l  be s tudied and i n  
t h e  f o u r t h  phase, t h e  in t e rac t ions  of system modes, d i sp lays  and con t ro l l e r s  
w i l l  be inves t iga ted .  The report  containing t h e  r e s u l t s  of t h e  fou r th  phase 
(Volume I V )  w i l l  a l s o  contain a summary of t h e  r e s u l t s  of t h e  e n t i r e  program. 

In 



The study approach employed during t h e  phase j u s t  completed w a s  similar 

Several  
t o  t h a t  described i n  Volume I. 
vehic le  or ien ta t ion  and r o t a t i o n a l  ra te  presenta t ion  were reviewed. 
representa t ive  types of d i sp lays  were chosen f o r  s tudy,  including t h a t  used i n  
t h e  Mercury capsule and those  planned f o r  use i n  the  Apollo and LEM spacecraf t .  
An experimental program w a s  conducted t o  optimize t h e  se l ec t ed  d i sp lay  con- 
f i g u r a t i o n s  
t h e  configurations . 
neuvers i n  a f ixed base,  simulated spacecraf t  with t h e  kinematic computations, 
con t ro l  system representa t ion ,  d i sp l ay  inputs  and performance measurement 
provided by a general-purpose analog computer. 

F i r s t ,  current  and prospect ive methods of 

and t o  obta in  comparative system performance d a t a  using each of 
Ekperienced p i l o t s  executed var ious a t t i t u d e  con t ro l  ma- 

The major sec t ions  of t h i s  volume a r e :  Problem Def in i t ion ,  containing a 
d iscuss ion  of a t t i t u d e  d isp lay  considerat ions;  Simulation, containing a de- 
s c r i p t i o n  of the s imulat ion equipment; Exploratory S tudies ,  containing t h e  
r e s u l t s  of preliminary and exploratory s tudies ;  Experimental S tudies ,  con- 
t a i n i n g  t h e  descr ip t ion  and results of t h e  t w o  main experiments; and 
Discussion, containing conclusions and recommendations of t h i s  phase of study. 

PROBLEM DEFINITION 

A generalized s ingle-axis  manual a t t i t u d e  con t ro l  system block diagram 
i s  shown i n  Figure 1. 
of t h e  system and can be used t o  def ine  t h e  p a r t i c u l a r  components of t h e  system 
being employed d u r i n g t h i s  cur ren t  phase of study. 
was  concerned with t h e  elements of t h e  con t ro l  system contained wi th in  t h e  
dashed rec tangle ,  
have been s tudied during t h i s  cur ren t  phase, 

This diagram i l l u s t r a t e s  t h e  ind iv idua l  components 

The f i rs t  phase of s tudy 

The elements contained wi th in  t h e  double dashed rec tangle  

System Def in i t ions  

Each o f  t h e  elements pictured i n  Figure 1 r e l a t e s  d i r e c t l y  t o  a phys ica l  
component. The astronaut observes spacecraf t  o r i e n t a t i o n ,  angular  rates and 
possibly angular acce lera t ions ,  and exerc ises  con t ro l  over t h e  spacecraf t  
a t t i t u d e  through his  hand con t ro l l e r .  The hand c o n t r o l l e r  t ransforms an 
a s t r o n a u t ' s  hand, wrist o r  f i n g e r  movements i n t o  t h e  appropr ia te  e l e c t r i c a l  
s igna l s  o r  mechanical movements t o  i n i t i a t e  t h e  operat ion of ac tua to r s  o r  t o  
a c t  as command s igna ls  aga ins t  which ac tua to r s  may be made t o  operate .  The 
operat ion of t h e  actuat ion devices causes angular  acce le ra t ion  of t h e  space- 
c r a f t  which i s  i n  turn  sensed by t h e  sensor elements. The sensed o r i e n t a t i o n  
and rate are then  processed and displayed t o  t h e  as t ronaut .  

2 
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Figure 1. At t i tude  Control System Block Diagram 

After  t h e  spacecraf t  o r ien ta t ion  angles and body rates have been sensed t h e  
signals may be modified bei'ort: being displayed,  
of t h e  manual con t ro l  system modifies t hese  sensed angle and r a t e  s igna ls .  The 
na ture  of t h e  modification w i l l  be determined by the  nature  of t h e  d i sp lay  con- 
f i g u r a t i o n  and by t h e  t a s k  t o  be performed by t h e  astronaut .  
may include sca l e  f ac to r ing ,  quickening, pred ic t ing ,  e t c .  Fhphasis in t h i s  
s tudy has been placed upon t h e  evaluation of t h e  d isp lay  sca l e  f a c t o r ,  and 
comparison o f  p a r t i c u l a r  d i sp lay  formats ava i l ab le  t o  t h e  astronaut  during per- 
formance of various a t t i t u d e  control  tasks .  

The signal processing element 

The modification 

The displayed information required by an astronaut  for manual con t ro l  of 
spacecraf t  o r i en ta t ion  i s  s imi l a r  t o  t h a t  required f o r  cont ro l  o f  a high per- 
formance a i r c r a f t .  
f l i g h t  has been made necessary the  modification of t y p i c a l  a i r c r a f t  o r i en ta t ion  
d isp lays .  
axes ,  o r b i t a l  vehic les  a r e  neut ra l ly  s t a b l e  with no n a t u r a l  damping. 
major i ty  of a i r c r a f t  cont ro l  is  performed about t h e  p i t c h  and roll axes while 
spacecraf t  con t ro l  must have involve t h e  p i t c h ,  roll and yaw axes. 

However, t h e  extension of aerodynamic f l i g h t  t o  o r i b i t a l  

Where aerodynamic vehicles a r e  r e l a t i v e l y  s t a b l e  about t h e  major 
The 

A s  a r e s u l t  of t hese  m a j o r  d i f fe rences ,  d i sp lays  f o r  manual cont ro l  of 
spacecraf t  o r i en ta t ion  must present vehic le  o r i en ta t ion  about t h r e e  axes r a t h e r  
thantabout  two axes. 
a l l  o r i en ta t ions  r e l a t i v e  t o  the  reference axes r a t h e r  than a l imi t ed  range of 
o r i en ta t ions  r e l a t i v e  t o  t h e  reference axes.  Since t h e  spacecraf t  contains  no 

They must allow t h e  preseRtat.ion of vehicle  a t t i t u d e  i n  

3 



n a t u r a l  damping, add i t iona l  information necessary f o r  s t a b l e  vehicular  con t ro l  
i s  required (See Lear, 1963, Bauerschmidt and Besco, 1962 and Ri tch ie ,  Hanes and 
Hainsworth, 1960). This information includes as a minimum p i t ch ,  r o l l  and yaw 
body rates but may include s igna l s  containing de r iva t ive  information. 

For t h e  purposes of t h i s  phase o f  study, t h e  sensor has been assumed t o  
supply roll, pi tch  and yaw angles t o  def ine  continuously t h e  o r i en ta t ion  of t h e  
spacecraf t  as well  as roll, p i t c h  and yaw body rates.  
roll angle has been defined as t h e  angle formed by t h e  la te ra l  axis of t h e  
vehic le  and t h e  horizontal  reference plane i n  a plane normal t o  t h e  long i tud ina l  
axis of t h e  vehicle.  
angles  t o  a common 180-degree poin t .  

A s  i n  t h e  f i r s t  phase, 

It i s  measured from zero through pos i t i ve  and negat ive 

P i t ch  angle has been def ined as t h e  angle formed by t h e  long i tud ina l  axis 
of t h e  vehic le  and t h e  hor izonta l  reference plane measured i n  a plane normal 
t o  t h e  hor izonta l  reference plane. P i tch  angle i s  measured from zero,  where 
t h e  long i tud ina l  axis of t h e  vehic le  i s  located wi th in  t h e  hor izonta l  re fe rence  
plane,  t o  t h e  posi t ive 90 degree poin t  and t o  t h e  negative 90 degree poin t .  

Yaw angle has been defined as t h e  angle i n  t h e  hor izonta l  reference plane 
formed by t h e  normal project ions o f  t h e  ve loc i ty  vec tor  and t h e  vehicle  longi-  
t u d i n a l  axis onto t h e  hor izonta l  reference plane.  
zero through pos i t ive  and negative angles t o  a common 180-degree poin t .  

Yaw angle  i s  measured from 

A bas ic  point of departure  i n  these  s tud ie s  has been t h a t  t h e  information 
presented by a t t i t u d e  d isp lays  should include ind iv idua l  presenta t ions  of angular 
o r i e n t a t i o n  and r a t e  quan t i t i e s .  
as t ronaut  has t h e  capab i l i t y  t o  i n t e r p r e t  h i s  a t t i t u d e  presenta t ion  and con t ro l  
t h e  spacecraf t  without t h e  a i d  of computed command signals. 

Impl ic i t  i n  t h i s  statement i s  t h a t  t h e  

To be c e r t a i n ,  a i d s  such as ve rn ie r  e r r o r  i n d i c a t o r s ,  a t t i t u d e  p r o f i l e  
computations, au top i lo t s ,  and r a t e  feedback con t ro l  systems w i l l  g r ea t ly  
reduce t h e  burden on t h e  as t ronaut .  
include t h e  or ien ta t ion  and body rate information d i r e c t l y  s o  t h a t  t h e  
as t ronaut  may remain i n  complete command over t h e  o r i en ta t ion ,  choice of 
r o t a t i o n a l  sequences and magnitude of body r a t e s  of t h e  spacecraf t .  

The point  i s  t h a t  t h e  d i sp lays  should 

Display Descriptions 

Four types of a t t i t u d e  d i sp lay  formats were se l ec t ed  f o r  t h i s  study. Each 
presents  a t t i t u d e  angle and body r a t e  information independently at approximately 
equivalent s ca l e  fac tors .  
type of ind ica t ion .  

None of t h e  d isp lays  contained any f l i gh t -d i r ec to r  

4 



The four  types of a t t i t u d e  formats 
Figure 2 contains i l l u s t r a t i o n s  of each 
se lec ted  a t t i t u d e s  of t h e  vehic le .  

Three-Axis At t i tude  B a l l  Displax. 
w a s  a Lear Model 4060C which i s  typ ica l  

se lec ted  f o r  study a r e  described below. 
d isp lay  format as it would appear f o r  

The three-axis  a t t i t u d e  b a l l  d i sp lay  
of t h e  a t t i t u d e  d isp lays  found i n  *iigh- 

performance a i r c r a f t .  
t h e  Gemini and Apollo spacecraf t .  

I n  addition; it i s  s imi l a r  t o  t h a t  planned f o r  use i n  

This d i sp lay ,  shown i n  Figures 3 and 4, provides an in tegra ted ,  '!inside- 
out" presenta t ion  of vehicle  a t t i t u d e .  
o r i en ta t ion  of t h e  sphere located inside t h e  instrument r e l a t i v e  t o  an a i r c r a f t -  
type symbol f ixed  t o  t h e  d isp lay  cover g l a s s .  A s  t h e  vehic le  r o t a t e s  t h e  sphere 
remains aligned with a s e t  o f  reference axes as sensed by an i n e r t i a l  reference 
loca ted  within t h e  vehicle .  
which i s  f ixed  i n  i n e r t i a l  space. 
t h e  ast ronaut  t o  "f ly"  t h e  f ixed  symbol toward t h e  des i red  a t t i t u d e  on t h e  
sphere.  

Vehicle a t t i t u d e  i s  shown by t h e  

I n  e f f ec t ,  t h e  vehicle  r o t a t e s  about t h e  sphere 
The d isp lay  and cont ro l  r e l a t ionsh ips  requi re  

This follows t h e  so-called !If ly- t  0" pr inc ip le .  

If,  f o r  example, t h e  spacecraf t  i s  pitched down, t h e  horizon ( the  d iv i s ion  
between l i g h t  and dark hemispheres) will appear above t h e  f ixed  vehic le  symbol. 
If t h e  astronaut  des i r e s  t o  s l i g n  his spacecraf t  with t h e  reference axes,  i . e . ,  
zero p i t c h ,  yaw and r o l l  angles ,  he must e s t a b l i s h  a pitch-up body r a t e  and 
rlfly-tol! t h e  desired a t t i t u d e .  
w i l l  r o t a t e  about t h e  sphere,  and the Ilhorizon'l w i l l  move toward t h e  f ixed  
vehic le  symbol. 
r a t e  i s  nul led t o  br ing t h e  vehicle  t o  r e s t  at t h e  dcsired a t t i t u d e .  

When t h i s  r a t e  i s  es tab l i shed ,  t h e  spacecraf t  

As t h e  horizon reaches t h e  f ixed  symbol, t h e  pitch-up body 

Since t h e  sphere r o t a t e s  i n  an analogous one-to-one fashion with t h e  out- 
s i d e  f i e l d  o f  view as seen through the spacecraf t  window, t h e  sphere cannot 
d i r e c t l y  be used at an increased scale f a c t o r  which may be required f o r  more 
p rec i se  spacecraf t  o r i en ta t ion .  For t h i s  reason t h e  cross-pointer ind ices  over- 
l a y i n g  t h e  sphere have been mechanized t o  present ve rn ie r  p i t c h  and yaw a t t i t u d e  
angles  r e l a t i v e  t o  zero p i t c h  and yaw angles.  
presented on t h e  conventional r a t e  of a t u r n  needle. The sca l e  f a c t o r  f o r  t h i s  
presenta t ion  was  s tudied during t h i s  program as w i l l  be described i n  a l a t e r  
sec t ion .  

Vernier roll a t t i t u d e  angle w a s  

The three-axis  a t t i t u d e  b a l l  presentat ion has  been suggested f o r  use i n  
spacecraf t  f o r  two major reasons. F i r s t l y ,  t h e  motion r e l a t ionsh ips  of t h e  
d i sp lay  and of t h e  ex te rna l  f i e l d  of  view a r e  consis tent  s o  t h a t  a s ing le  s e t  
of l o g i c a l  cont ro l  r u l e s  can be applied f o r  s i t u a t i o n  of spacecraf t  cont ro l  
us ing  e i t h e r  an instrument reference or an ex te rna l  field-of-view reference.  
Secondly, t h i s  presentat ion capi ta l izes  on t h e  p r i o r  t r a i n i n g  and experience 
of as t ronaut / tes t  p i l o t s  i n  t h a t  it i s  similar t o  high-performance a i r c r a f t  
a t t i t u d e  presentat ions.  I n  addi t ion,  mechanization of t h i s  type of d i sp lay  
has evolved over many generations o f  a i r c r a f t  t o  r e s u l t  i n  devices with 
r e l a t i v e l y  high operat ing r e l i a b i l i t y .  
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Figure 3 .  Simulator Display Console 
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Figure 4. Line Drawing of Display Console 
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Three-dimensional model d i sp l ay .  A three-dimensional spacecraf t  model 
which i l l u s t r a t e s  t h e  d i r e c t  analog display concept w a s  a l s o  used i n  these  
experimental s tud ie s .  This d i sp lay  concept r e f e r s  t o  t h e  u t i l i z a t i o n  of a 
model as t h e  primary d i sp lay  element. 
fashion t o  the  control led element o r  spacecraft .  

This model moves i n  an analogous 

The appl ica t ion  of t h i s  concept t o  spacecraf t  a t t i t u d e  d isp lay  has been 
discussed f o r  severa l  years .  A display employing a three-dimensional model 
of a spacecraf t  w a s  described i n  Hopkins, Bauerschmidt and Anderson, 1960. 
The model was capable of un res t r i c t ed  motion about a l l  t h r e e  model axes and 
could be viewed through a t ransparent  hemisphere. This d i sp lay  was shown in 
mockup form; no operat ional  vers ion was mechanized. Other d i sp lays  similar 
t o  t h a t  described above have been reported and shown i n  mockup form (Hopkins, 
Bauerschmidt and Roscoe, 1961, and Bauerschmidt and Besco, 1962). 

The pa r t i cu la r  d i sp lay  mechanization s tudied i n  t h i s  program w a s  designed 
and f ab r i ca t ed  at Hughes Ai rc ra f t  Company i n  e a r l y  1963 f o r  use i n  s imulat ion 
programs of t h i s  ty-pe. 
c r a f t ,  wi th  f i n s  and color  coding t o  make a t t i t u d e  e a s i l y  determined. 
spacecraf t  model w a s  mounted i n  a three-gimbal suspension system and w a s  capable 
of continuous and simultaneous ro t a t ion  about a l l  t h r e e  axes. 

The device incorporated a model of a t y p i c a l  space- 
The 

The model d i sp lay  was  located below the  main d isp lay  panel as shown i n  
Figures 3 and 4. 
forward d i r ec t ion  of t h e  spacecraf t  cabin defined t h e  spacecraf t  a t t i t u d e  
reference system. 
analog form the  spacecraf t  roll, pitch and yaw m g l e s .  
e a r t h  o r  lunar  o r b i t  s i t u a t i o n  were t o  be represented,  t h e  hor izonta l  mounting 
plane would represent  t h e  l o c a l  horizontal ,  and t h e  forward cabin d i r e c t i o n  
t h e  spacec ra f t ' s  ve loc i ty  vector.  I n  a t r a n s e a r t h  or t r ans luna r  t r a j e c t o r y  
t h e  hor izonta l  would represent  an arbitrari ly se lec ted  s t e l l a r  reference plane.  
Thus, when a subject  was  seated i n  the simulator cabin t h e  o r i en ta t ion  of t h e  
three-dimensional model r e l a t i v e  t o  i t s  mounting and forward reference ind ices  
corresponded t o  t h e  o r i en ta t ion  o f  the simulated spacecraf t  r e l a t i v e  t o  i t s  
a t t i t u d e  reference axes. 

The hor izonta l  mounting plane of t h e  model d i sp lay  and t h e  

The model or ien ta t ion  r e l a t i v e  t o  t h i s  system presented i n  
For example, i f  an 

Individual  axes display.  This display of spacecraf t  o r i en ta t ion  was 
composed of t h r e e  ind iv idua l  instruments reading t h e  Euler angles about each of 
t h e  t h r e e  axes. 
similar i n  concept t o  t h i s  display.  
a l i g h t  weight and r e l i a b l e  presentat ion with l o w  power consumption. 
provide separa te ,  quan t i t a t ive  readouts of a t t i t u d e  angles.  

The a t t i t u d e  display used i n  t h e  Mercury capsule was very 

They 
The t h r e e  ind iv idua l  instruments provide 

Predic tor  d i sp lay .  The predictor  d i sp lay  concept, developed by Kelley 
(1960), - u t i l i z e s  present pos i t ion  and r a t e s  o f  movement t o  p red ic t  pos i t ion  
at  se l ec t ed  futuxxe t i n e s .  Kelley (1962) and Fargel  and Ulbrich (1963) have 
provided exce l len t  descr ip t ions  of the pred ic tor  and i t s  operat ional  advantages. 
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The predictor  p r inc ip l e  has been extensively s tudied f o r  present ing 
vehicu lar  posi t ion r e l a t i v e  t o  l i n e a r  reference systems. 
t h i s  s tudy t o  inves t iga te  t h e  p o s s i b i l i t i e s  o f  u t i l i z i n g  t h e  pred ic tor  p r inc ip l e  
t o  present  vehicle a t t i t u d e s  o r  vehicular  o r i en ta t ion  t o  an angular reference 
system. 

It w a s  des i red  i n  

The predictor  p r inc ip l e  could be used with a number of d i f f e r e n t  formats.  
I n  t h i s  study the angular reference system was displayed as a f l a t  surface on 
a cathode-ray tube. 
sented t h e  spacecraft  I s  a t t i t u d e s  at f u t u r e  times. 

Vehicle drone symbols o f  progressively smaller s i z e  repre- 

One of t h e  major advantages of t h e  pred ic tor  d i sp lay  i s  t h a t  a l l  t h e  infor -  
mation necessary f o r  a t t i t u d e  con t ro l  i s  i n t e g r a l  t o  t h e  d isp lay .  
a t t i t u d e  ind ica t ions  are accomplished by a sca l e  f a c t o r  change ava i l ab le  t o  
t h e  p i l o t  whenever t h e  spacec ra f t ' s  p i t c h  and yaw axes are c lose  t o  t h e i r  re- 
spec t ive  reference axes. The r a t e s  of movement about each of t h e  t h r e e  axes 
can be extrapolated by t h e  p i l o t  by comparing present  a t t i t u d e  t o  f u t u r e  
a t t i t u d e .  

Vernier 

SIMULATION 

The Hughes Manned Space F l igh t  Simulation F a c i l i t y ,  as described i n  
Volume I ,  w a s  used i n  t h i s  study f o r  t h e  simulation of con t ro l  system charac- 
t e r i s t i c s ,  f o r  the  computation of kinematic r e l a t ionsh ips ,  f o r  t h e  generat ion 
of d i sp l ays  i n  the crew s t a t i o n ,  and f o r  t h e  recording and processing of 
experimental d a t a ,  

Computer 

The analog computer w a s  mechanized t o  (1) solve t h e  vehic le  equations of 
motion, (2) compute coordinate t ransformations , (3) simulate  con t ro l  system and 
ac tua to r  c h a r a c t e r i s t i c s ,  ( 4 )  compute performance measures, (5)  simulate d i s -  
turbance torque s igna ls ,  and (6)  provide computer-control l og ic .  

Equations. The computer performed t h e  real  time so lu t ion  of t h e  following 
equations : 

; =  + 1;, 
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p + Ji s i n  9 (4) 

q cos $ - r sin $ (5)  

(q s i n  pl + r cos pl) 1 (x) 
Equations (l), (2) and (3) a r e  the body rate/cross-coupling equations 

descr ib ing  t h e  dynamics of t h e  angular motion of t h e  spacecraf t .  
(5 )  and (6) provided f o r  t h e  coordinate system transformation f rom body- 
referenced angles and r a t e s  t o  space-referenced Euler  angles and r a t e s .  
va t ions  of these  equations may be found i n  Goldstein (1953), Rauscher (1953) 
and Ve,rmor;t (lq62). 

Equations ( 4 ) ,  

Deri- 

Disturbance torque generation. Fi-ire s ine  waves comprising t h e  disturbance 
torque s igna ls  were generated by t h e  computer. The frequencies of t h e  f i v e  sine 
waves ranged from 0.019 cycles per second t o  0.200 cycles per  second. 
amplitude and frequency components of t h e  s ine  waves were summarized i n  Table 2, 
Volume I. 
y i e l d  an rms value of 0.154 degree/sec . A 90-second segnent of t h e  disturbance 
torque signal was  recorded on magnetic tape  and u t i l i z e d  as t h e  forc ing  funct ion 
during t h e  t racking  maneuver trials. 

The 

The s ine  waves were summed nd the  output of t h e  summer adjusted t o  2 

Computer cont ro l  l og ic .  An error-sensing c i r c u i t  provided automatic hold 
of t h e  computer when pre-specified terminal angle,  body rate and time conditions 
were a t t a ined ,  The computer was  placed i n  a hold condition automatically a t  
t h e  end of 105 seconds f o r  t h e  t racking tasks .  For t h e  s t a b i l i z a t i o n ,  ra te -  
n u l l i n g  and a t t i t u d e  change maneuvers t h e  computer w a s  placed in hold auto- 
ma t i ca l ly  when t h e  absolute  values of a l l  N e r  angles were equal t o  or l e s s  
t han  one degree and t h e  absolute values of a l l  vehicle  body r a t e s  were equal 
t o  o r  l e s s  than 0.1 degree/sec. 
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Performance measurement. The computer ca lcu la ted  t h e  mean-square angular 
e r r o r  and t h e  f u e l  consumed during each t r i a l ,  
records were made of t hese  quan t i t i e s  as wel l  as t h e  t ime required f o r  t h e  
t r i a l .  

A t  t h e  end of each t r i a l ,  

Control modes. The t h r e e  cont ro l  modes used f o r  t h i s  phase of t h e  program 
were (1) t h e  single-pulse mode, (2) t h e  repeated-pulse mode and (3) t h e  on-off 
acce lera t ion  mode. 

I n  t h e  single-pulse mode a pulse of spec i f ied  shape and durat ion was appl ied 
by t h e  p i l o t  through cont ro l  devices.  The e f fec t  of t h i s  pulse w a s  t o  impart 
an incremental change i n  angular r a t e  t o  t h e  vehicle.  The pulse width w a s  50 
milliseconds w i t h  0 .OS7 degree/sec r a t e  increment per pulse.  
pulse  mode w a s  similar t o  t h e  single-pulse mode except a s e r i e s  of pulses  
w a s  e l i c i t e d  by the a s t ronau t ' s  cont ro l  device. 
width w a s  0.087 with an average acce lera t ion  capab i l i t y  of 1.23 degrees/sec. 
In  t h e  on-off accelerat ion mode t h e  e f f e c t  of hand con t ro l l e r  displacement 
w a s  t o  command one s p e c i f i c  angular acce lera t ion  f o r  any hand con t ro l l e r  d i s -  
placement grea te r  than some spec i f ied  threshold ,  and zero acce lera t ion  f o r  
any displacement within t h e  threshold.  These were mechanized on t h e  computer 
as shown i n  Appendix I, Volume I. 

The repeated- 

The r a t e  increment per  pulse  

C,rew S ta t ion  

The crew s t a t i o n  includes (1) a t t i t u d e  d i sp lays ,  (2) t ime remaining and 
f u e l  consumption readouts,  (3) a hold ind ica to r  and (4) a manual con t ro l l e r .  

I n  order t o  study a number of d i f f e r e n t  d i sp l ay  systems, t h e  crew s t a t i o n  
configuration employed during t h e  f i rs t  phase of  t h i s  program w a s  rearranged 
and equipment added as shown i n  Figures 3 and 4. 
were: (1) t h e  addi t ion of a three-axis  a t t i t u d e  b a l l  d i sp lay ;  (2) t h e  addi t ion  
of a three-dimensionalmodel display;  (3) t h e  regrouping of t h e  vern ier  a t t i t u d e  
angle ind ica to r s  and r a t e  meters; and (4) t h e  replacement of t h e  cathode-ray 
tube a t t i t u d e  angle d isp lays  with more prec ise  mechanical d i sp lays .  I n  addi t ion  
t o  t h e  changes on the face  of t h e  d isp lay  console,  an osci l loscope w a s  placed 
d i r e c t l y  above t h e  d isp lay  console with t h e  scope f ace  or ien ted  perpendicular 
t o  t h e  s u b j e c t ' s  line-of-sight. 
p red ic tor  d i sp lay ,  

The most sal ient  changes 

This osci l loscope w a s  used t o  present  t h e  

Three-axis a t t i t u d e  b a l l  display.  The three-axis  b a l l  d i sp l ay ,  pictured 

Simultaneous 
i n  t h e  center  of Figures 3 and 4 was a Lear S ieg le r  Model 4O6OC All-Atti tude 
Indica tor  which employed a four-inch diameter re ference  sphere. 
and continuous ro ta t ions  about a l l  t h ree  axes were poss ib le .  The hor izonta l  
b a r ,  v e r t i c a l  bar  and t u r n  needle were mechanized t o  present  vern ier  information 
i n  p i t ch ,  yaw and roll, respec t ive ly .  
t h i s  phase of t h e  program t h e  sca l e  f a c t o r  of t hese  ve rn ie r  i nd ica to r s  w a s  

During one of t h e  s tud ie s  conducted i n  
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a l t e r e d ,  with f u l l  s ca l e  represent ing p i t ch ,  roll and yaw angles between 0.5 
and 10 degrees. 

Three separate  meters described below were used i n  conjunction with t h e  
three-axis b a l l  t o  provide rate information. 
t h e  b a l l  as shown i n  Figures 3 and 4. 

These meters w e r e  grouped about 

Three-dimensional model display.  The three-dimensional model d i sp lay  
used i n  these  experiments was  located below t h e  main d isp lay  panel i n  Figures 
3 and 4. 
i t s  quadrants were color  coded t o  assist i n  t h e  in t e rp re t a t ion  of vehicle  
a t t i t u d e .  
system allowing complete 360° ro ta t ion  in p i t ch ,  yaw and roll. The outer  
gimbal contained t h e  model yaw axis, t he  middle gimbal contained t h e  p i t ch  
axis and t h e  inner  gimbal, t h e  roll axis. 
and p i t c h  by servo motors and in roll by an i n t e r n a l l y  mounted synchro resolver. 
A separate  pointer  and sca le  markings were provided around t h e  yaw axis. The 
zero yaw angle index mark ind ica t ing  the  project ion o f  t h e  spacec ra f t ' s  ve loc i ty  
vector  i n  t h e  hor izonta l  plane w a s  oriented toward the  f r o n t  simulator cabin. 

The spacecraf t  model was three and one-half inches i n  length,  &d 

The spacecraf t  model w a s  mounted i n  a three-gimbal suspension 

The model was driven in yaw 

Vernier a t t i t u d e  information was supplied by the  Collins ILS instrument 
described below. A s e t  of t h ree  r a t e  meters located on t h e  lower half  of t h e  
panel were used i n  conjunction with the display.  

Individual  axes display.  The individual axes d isp lay ,  as shown in 
F i g w e s  3 and 4, consisted of t h ree  separate instruments displaying t h e  space- 
c r a f t ' s  a t t i t u d e s  about i t s  th ree  axes. 
represented r o l l ,  p i t ch  and yaw zngles, respect ively.  Each instrument was  
t h r e e  inches in diameter with one degree increments engraved on t h e  d i a l  faces .  
The readouts were i d e n t i c a l  t o  t h e  three oscil loscope d isp lays  described in 
Volume I, except they were mechanical devices with scr ibed,  l i gh ted  faces .  

From i eTt  t o  r i g h t ,  t h e  ir,strlAcents 

R o l l  angle w a s  displayed f romthe  zero poin t ,  a t  t h e  t o p  of t h e  d i a l ,  
clockwise through pos i t ive  and negative angles ,  respec t ive ly ,  t o  a common 180 
degree point .  
plane zero poin t ,  located at t h e  nine o 'c lock pos i t ion  o f  t h e  dial ,  from plus  
90 degrees t o  minus 90 degrees. Yaw angle displacements were displayed t o  t h e  
l e f t  and r i g h t  of t h e  ve loc i ty  vector represented by t h e  zero point at t h e  t o p  
of t h e  d i a l  through pos i t ive  and negative angles,  respect ively,  t o  t h e  common 
180-degree point .  

P i tch  angle w a s  displayed above and below t h e  hor izonta l  reference 

Rate information w a s  supplied by th ree  separate r a t e  meters, and a Coll ins  
ILS instrument provided vernier  a t t i t ude  information. 
ve rn ie r  instrument a r e  described below. 

The r a t e  meters and t h e  
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Predic t  or 
mechanized f o r  
Kelley (1962). 

display.  A three-axis a t t i t u d e  angle pred ic tor  d i sp l ay  was  
t h i s  study, using t h e  concept developed by Kelley (1960) and 
The predic tor  d i sp l ay  presented t h e  a t t i t u d e  of a symbolic 

spacecraf t  at three i n s t a n t s  of t ime,  as i l l u s t r a t e d  i n  Figures 3 and 4. 
l a r g e s t  of t h e  three symbols ind ica ted  t h e  spacec ra f t ' s  present  a t t i t u d e .  
o ther  two predicted t ime symbols were independently ad jus tab le  wi th in  a pre- 
d i c t ed  time range from 7.5 t o  240 seconds. 
d i c t i n g  fu tu re  spacecraft  a t t i t u d e  were determined on t h e  b a s i s  of t h e  pos i t i on  
and body rates of t h e  present time symbol. A s  a r e s u l t  of p i l o t  s t u d i e s ,  pre- 
d i c t i o n  t imes of 10 seconds and 20 seconds were used i n  t h i s  study. The smallest 
symbol showed the s p a c e c r a f t ' s  a t t i t u d e  20 seconds i n  t h e  f u t u r e  and t h e  middle 
symbol showed the s p a c e c r a f t ' s  a t t i t u d e  10 seconds in t h e  fu tu re .  

The 
The 

The pos i t ions  of t h e  symbols pre- 

The seven-inch cathode-ray tube d i sp lay  w a s  sca led  t o  show + 180 degree 
yaw as f u l l  scale  ho r i zon ta l  de f l ec t ion  (+3 inches) ,  +9O degree p i t c h  as f u l l  
s ca l e  v e r t i c a l  def lec t ion  (+l 1/2 inches)-and 360 degFee roll by r o t a t i o n  of 
t h e  symbols about t h e i r  cencers. 
p i l o t ,  was provided f o r  operat ing when t h e  spacecraf t  w a s  wi th in  t e n  degrees 
of t h e  re ference  axes i n  both p i t ch  and yaw. 
pansion of t h e  symbol s i z e  by a f a c t o r  of t h r e e ,  and t h e  angular displacements 
by a f a c t o r  of twenty. 

A gain change, at t h e  d i s c r e t i o n  of t h e  

The change permitted t h e  ex- 

The analog computer mechanization f o r  t h e  pred ic t ion  computation i s  shown 
i n  t h e  Appendix. The mechanization was performed on two r e p e t i t i v e  operat ion 
analog computers driven by i n i t i a l  condi t ions sampled from t h e  main real-time 
mechanization. 
cessed t h e  predicted d a t a  f o r  d i sp l ay  on t h e  osci l loscope i s  a l s o  shown in 
t h e  Appendix. 

A descr ip t ion  of t h e  d isp lay  generat ion equipment which pro- 

Vernier a t t i t u d e  d isp lays .  The ve rn ie r  a t t i t u d e  d isp lays  f o r  t h e  three-  
axis a t t i t u d e  b a l l  were i n t e g r a l  t o  t h e  instrument.  
vern ier  ind ica t ions  were provided by a twenty t o  one gain change i n  p red ic to r  
d i sp lay  d e f l e c t  ion. 

For t h e  p red ic to r  d i sp l ay ,  

The Collins 329B-2 Approach Horizon Ind ica to r  was  u t i l i z e d  as t h e  ve rn ie r  
i nd ica to r  f o r  t h e  ind iv idua l  axes d i sp lay  and t h e  three-dimensional model d i s -  
play.  The roll angle w a s  ind ica ted  by t h e  o r i e n t a t i o n  of a bar  and a perpen- 
d i c u l a r  po in te r .  The p i t c h  angle w a s  ind ica ted  by t h e  v e r t i c a l  displacement 
of a hor izonta l  bar,  and t h e  yaw angle w a s  i nd ica t ed  by t h e  l e f t - r i g h t  de- 
f l e c t i o n  of t h e  pointer  a t  t h e  t o p  of t h e  meter f ace .  Full s c a l e  de f l ec t ion  
of each po in te r  from zero corresponded t o  f i v e  degrees  of vehic le  a t t i t u d e  
angle .  
ind ica t ion .  

Scale d iv is ions  were marked i n  one-degree increments f o r  each angular  

Body r a t e  displays.  Body r a t e  i nd ica t ions  f o r  t h e  three-axis  b a l l  were 
The body rate meters provided by t h r e e  meters c lus t e red  around t h e  d isp lay .  

f o r  t h e  three-dimensional model and t h e  ind iv idua l  axes d i sp lays  were loca ted  
beneath t h e  respect ive d i a l s  of t h e  ind iv idua l  axes d isp lay .  The two sets of 



body r a t e  meters were iden t i ca l .  
zero of plus  or minus f i v e  degrees per  second on a sca l e  one and one-half 
inches long. 
by examing t h e  pos i t ions  of t h e  symbols pred ic t ing  t h e  spacecraf t  s a t t i t u d e  
at fu tu re  times. 

They displayed f u l l  s ca l e  de f l ec t ion  f rom 

For t h e  predictor  display,  body r a t e  information was in fe r r ed  

S ta tus  displays.  A time remaining readout was loca ted  a t  t h e  upper r i g h t  
of t h e  panel as shown i n  Figure 3 .  
remaining readout displayed t h e  f u e l  consumed i n  percent,  f o r  roll, p i t ch  and 
yaw. 
when t h e  computer w a s  i n  a hold condition. 

The t h r e e  meters d i r e c t l y  below t h e  time 

A hold l i g h t  located above t h e  time remaining readout n o t i f i e d  t h e  subjec ts  

Hand con t ro l l e r .  The three-axis hand con t ro l l e r  w a s  a standard B-8 g r i p  
used i n  t h e  first phase of t he  program and was described fu l ly  i n  Volume I. 
Switches were posit ioned s o  t h a t  t h e  on-off or t h e  pulse modes could be actuated 
by any g r i p  def lec t ion  i n  excess of approximately f i v e  degrees from zero. 

For t h e  single-pulse mode, t h e  push-button on t h e  con t ro l l e r  w a s  used f o r  
i n i t i a t i n g  pulses.  
pulses for t h e  repeated pulse mode. 

The t r i g g e r  on the  hand con t ro l l e r  was  used t o  i n i t i a t e  

EXPLORATORY STUDIES 

Ekploratory s tudies  were conducted t o  (1) fami l i a r i ze  p i lo t - subjec ts  with 
t h e  various d isp lay  techniques being u t i l i z e d ,  (2) s e l e c t  f e a s i b l e  r m g e s  of 
d i sp lay  parameters being varied and (3) inves t iga te  d isp lay  techniques and 
p r inc ip l e s  which could not be completely mechanized for comparative evaluation. 

Subjects 

Table 1 contains a summary o f  the f l y i n g  experience of t h e  pilot-engineers 

During t h e  t r a i n i n g  trials performance 
who pa r t i c ipa t ed  as subjec ts  i n  t h e  display experiments. 
current  p i l o t s  with instrument rat ings.  
of ind iv idua l  subjec ts  was monitored. 
high l e v e l  of prof ic iency,  t h e  experimental runs were i n i t i a t e d .  

A l l  sub jec ts  were 

When performance had s t a b i l i z e d  a t  a 



TABLE 1. 
FLYING EXPERImCE AND AGE OF SUBJECTS 

Subject 
Flying Hours 

Mil i ta ry  

13 50 

1500 

1400 

1200 

-- 

2200 

1400 

2350 

3 500 

Flying Hours 
C iv i l i an  

2000 

50 

300 

100 

1200 

150 

50 

-- 

3000 

Maneuvers 

33 

33 

40 

31 

30 

30 

30 

31 

40 

The four  a t t i t u d e  cont ro l  maneuvers considered for use during these  
a r e  described below: 

s t udie s 

1. 

2. 

3 .  

Atti tude Hold. Maintenance of an es tab l i shed  vehic le  o r i en ta t ion  while 
t h e  vehicle i s  subject  t o  dis turbance torques about t h e  p i t c h  and yaw 
axes. 

Stabilization/Axis-Acquisition. 
tumbling vehicle  i n  such a manner t h a t  t h e  vehic le  comes t o  r e s t  i n  
alignment with t h e  des i red  reference system. This maneuver w i l l  be 
re fer red  t o  he rea f t e r  as t h e  s t a b i l i z a t i o n  maneuver. 

Cancellation of t h e  body r a t e s  of a 

Att i tude Change. 
from one s t a t i c  o r i en ta t ion  t o  another s t a t i c  o r i en ta t ion .  

Rotation of t h e  vehic le  about t h r e e  axes t o  change 

16 



4. Rate-Nulling/Axis-Acquisition. Cancellation o f  t h e  body rates of a 
vehicle  tumbling toward alignment with t h e  des i red  reference system. 
This maneuver was  similar t o  t h e  f i n a l  s t eps  o f  t h e  s t a b i l i z a t i o n  
maneuver. The i n i t i a l  conditions were se lec ted  s o  t h a t  t h e  e x i s t i n g  
body r a t e s  were r o t a t i n g  t h e  vehicle  i n  such a manner t h a t  t h e  vehic le  
axes would r o t a t e  within 20' of t h e  reference system. 
t a s k  was  t o  s e l e c t i v e l y  reduce t h e  body r a t e s  s o  t h a t  alignment would 
occur on t h e  f i rs t  pass through t h e  reference system axes. 
maneuver w i l l  be r e fe r r ed  t o  he rea f t e r  as t h e  rate-nul l ing maneuver. 

The p i l o t ' s  

This 

Instrument 

Lear 4060C 

Col l ins  

Body Rate 
Meters 

Display Deflection Thresholds 

Axis Threshold i n  Inches 

Rol l  

(Turn needle) .0083 

Pi tch  .0062 

R o l l  .007 6 
Pi tch  0094 
Yaw 00095 

Yaw 00075 

Vert i c a l l g  .0094 
Mounted 

Horizontally ,0074 
Mounted 

The vern ier  a t t i t u d e  and body r a t e  meters were s tudied t o  determine t h e  
min imum change from zero which could be detected by a concentrating subject .  
The ind ica to r  under study w a s  set t o  zero and slowly displaced from zero by a 
signal from t h e  computer. 
t h e  d i r e c t i o n  of def lec t ion  as soon as a displacement could be detected.  De- 
p ress ion  of t h e  co r re t  button placed the computer i n t o  hold. 
bu t ton  was  depressed, t h e  t r i a l  w a s  repeated a t  t h e  end of t h e  s e r i e s .  

The subject depressed one o f  two buttons ind ica t ing  

If t h e  incor rec t  

Subjects A,  B, C and E r e c e i v e d t e n  t r ia l s  on each of t h ree  r a t e s  of 
d e f l e c t i o n  with d i r ec t ion  of def lec t ion  and r a t e s  presented randomly f o r  each 
of t h e  ind ica to r s .  Thus, each threshold w a s  based on 120 observations.  The 
d e f l e c t i o n  thresholds  f o r  each ind ica tor  a r e  presented i n  Table 2. 

T A B U  2.  
DEFLECTION THRESHOLDS FOR SEUCTED DISPLAY INDICATORS 
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Off-Axis Telescope Orientat ion 

A problem of i n t e r e s t  i n  manned spacef l igh t  missions concerns t h e  orien- 
t a t i o n  of t h e  op t i ca l  axis of an observation te lescope.  
axis located off of t h e  spacecraf t  cont ro l  axes,  t h e  problem f o r  t h e  astronaut  
becomes one of cont ro l l ing  vehicle  ro t a t ions  i n  order t o  o r i en t  t h e  te lescope  
axis in some desired d i r ec t ion  and t o  center  and hold objec ts  within t h e  t e l e -  
scope f i e l d  of view. The angular r e l a t ionsh ip  between t h e  spacecraf t  con t ro l  
axes and t h e  telescope o p t i c a l  axis w i l l  determine t h e  motion of ob jec ts  within 
t h e  te lescope f i e l d  of view as t h e  spacecraf t  r o t a t e s .  A s  t hese  motions w i l l  
not be consis tent  with motions on t h e  a t t i t u d e  d isp lays  o r  ob jec ts  viewed from 
windows, i t  i s  possible t h a t  an overlay g r i d ,  def in ing  motion paths  wi th in  t h e  
te lescope  f i e l d  o f  view, could prove valuable t o  t h e  astronaut  i n  center ing  and 
holding objec ts  in the  te lescope while he i s  r o t a t i n g  t h e  vehicle .  

With t h e  te lescope 

An inves t iga t ion  of t h e  u t i l i t y  of an overlay w a s  undertaken. A dot re-  
present ing a star w a s  generated on a five-inch cathode-ray tube display.  The 
motion of t h e  dot represented t h e  apparent motion of a star as viewed through 
a f i x e d ,  body-mounted te lescope.  The p i l o t ' s  t a s k  was  t o  r o t a t e  t h e  spacecraf t  
t o  br ing  the  star t o  t h e  center  of t he  f i e l d  of view. The motion of t h e  dot  t o  
a con t ro l  input was made t o  represent  t h r e e  loca t ions  of t h e  te lescope f o r  both 
1' and 10' f i e l d s  of view: 

1. The telescope o p t i c a l  axis al igned with t h e  vehic le  roll axis. 

2. The telescope o p t i c a l  axis i n  t h e  vehic le  Y-2 plane a t  an angle 
550 down f r o m  t h e  Y-axis. 

3 .  The telescope o p t i c a l  axis located at 30° azimuth and 60° e leva t ion  
from the  vehic le  roll axis. 

For t h i s  study e ight  in i t ia l  pos i t ions  of t h e  star wi th in  t h e  te lescope  
f i e l d  of view were used. 
r e s u l t  which appeared very e a r l y  and very pos i t i ve ly  i n  these  s tud ie s  was t h a t  
t h e  p i l o t s  could readi ly  l e a r n  t h e  nature  of t h e  cont ro l - s ta r  movement r e l a t ion -  
sh ips  and center  the simulated star as we l l  without t h e  a i d  of overlays as wi th  
them. 
t h e  overlays and a few p rac t i ce  t r i a l s  performed, t h e  p i l o t  could e a s i l y  
remember t h e  motion re la t ionships .  
between t h e  overlay and no-overlay condi t ions,  

The single-pulse mode of con t ro l  w a s  u t i l i z e d .  A 

This w a s  an e a s i l y  learned t a s k  and once t h e  paths  had been defined by 

No performance d i f f e rences  were found 

These r e s u l t s  were somewhat su rp r i s ing  s ince  it i s  general ly  assumed t h a t  
t h e  human i s  not very good a t  performing oblique, three-dimensional coordinate 
t ransformations.  Implications of these  r e s u l t s  t o  t h e  f u r t h e r  d e f i n i t i o n  of 
t h i s  problem w i l l  be discussed i n  t h e  conclusions sec t ion .  
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' .  

Vertically-Referenced At t i tude  Display 

A vert ical ly-referenced a t t i t u d e  display seems t o  o f f e r  some advantages 
over a horizontally-referenced d isp lay  during v e r t i c a l  maneuvers such as per- 
formed by t h e  m, hel icopters ,  VTOL and s imi l a r  vehicles .  
vehic les ,  a t t i t u d e  cont ro l  i s  concerned pr imari ly  with alignment of t h e  vehic le  
l ong i tud ina l  and l a t e r a l  axes with t h e  loca l  hor izonta l .  
a t t i t u d e  con t ro l  i s  l a r g e l y  concerned with a l ign ing  t h e  lift or t h r u s t  vec tors  
or t h e  vehic le  v e r t i c a l  axis t o  t h e  l o c a l  v e r t i c a l .  Although alignment of t h e  
v e r t i c a l  axis with t h e  l o c a l  v e r t i c a l  can be determined from a horizonLally 
referenced a t t i t u d e  ind ica to r ,  it would seem more appropriate  t o  d isp lay  t h i s  
r e l a t i o n s h i p  t o  t h e  astronaut  d i r e c t l y  r a the r  than  require  him t o  perform a 
coordinate  transformation. 

I n  conventional 

In  v e r t i c a l  maneuvers, 

An a r t i s t ' s  concept of a vertically-referenced a t t i t u d e  d i sp lay  i s  pre- 
sented i n  Figure 5. 
hemisphere were removed f r o m  a conventional b a l l  a t t i t u d e  display.  
surface of t h e  remaining hemisphere becomes a d i r e c t  mechanical analog of t he  
landing surface.  A s  t he  vehic le  pitches forward, t he  forward horizon r o t a t e s  
upward and as t h e  vehicle  r o l l s  t o  t h e  r i g h t ,  t h e  r igh t  horizon r o t a t e s  upward. 

The d isp lay  i s  viewed from above and appears as i f  t h e  top  
The v i s i b l e  

Four meridian l i n e s  r i g i d l y  mounted t o  t h e  landing sur face  of t h e  d isp lay  
Roll i n t e r s e c t  at what would be t h e  t o p  pole of a conventional a t t i t u d e  b a l l .  

and p i t c h  angles a re  read a t  t h e  apex of t h e  d isp lay  by reference t o  ind ices  
in sc r ibed  on t h e  t ransparent  hemispherical cover. Thus ~ both roll and p i t c h  
a r e  displayed as a s ing le  p o h t  on a polar-coordinate reference system. 

By mounting t h e  r a t e  i nd ica to r s  t o  t h e  d isp lay  platform, they a r e  referenced 
t o  t h e  instantaneous spacecraf t  a t t i t ude .  
from t h e  in t e r sec t ion  point of t h e  meridians, they  ind ica t e  t h e  d i r e c t i o n  of 
t r a v e l  of  t h e  l o c a l  v e r t i c a l  r e l a t i v e  t o  t h e  veh ic l e ' s  v e r t i c a l  axis. As  t h e  
landing sur face  and i t s  meridian l i n e s  r o t a t e  t h e  r a t e  i nd ica to r s  r o t a t e  with 
them. 
t h e  body r a t e s  can be reduced t o  hold t h e  r a t e  i nd ica to r s  on t h i s  point .  This 
allows a smooth exponential  decay of a t t i t u d e  r a t e s  t o  a r r i v e  at t h e  des i red  
p o s i t i o n  with zero a t t i t u d e  r a t e s .  Both t h e  a t t i t u d e  and r a t e  ind ica t ions  are 
"fly-toll o r  flinside-outll i n  t h a t  t h e  zero reference marks a r e  f l o w n  toward t h e  
moving ind ices  t o  cancel  misalignments and e r ro r s .  

A s  t h e  body r a t e  i nd ica to r s  d e f l e c t  

When t h e  r a t e  i nd ica to r s  a r r ive  under t h e  desired a t t i t u d e  pos i t ion ,  

A t  t h i s  wr i t i ng ,  a ver t ical ly-referenced a t t i t u d e  d i sp lay  exists only i n  
concept. 
referenced body r a t e  p r inc ip l e s ,  an experimental simulation of t h e  d isp lay  
w a s  undertaken. 
t h e  meridiac l i n e s  bv a dot  on a five-inch cathode-ray tube.  

To t e s t  t h e  f e a s i b i l i t y  of t he  ver t ical ly-referenced and a t t i t u d e -  

The d isp lay  was simulated by represent ing t h e  in t e r sec t ion  of 
An overlay on t h e  

Y 

CRT represented t h e  markings on 
of t h e  body r a t e  i nd ica to r s  w a s  
r a y  tube  d isp lay .  The maneuver 

t h e  hemispherical cover g lass .  
represented by a small c i r c l e  on t h e  cathode- 
performed was simulated hover, which consis ted 

The in t e r sec t ion  

19 



Figure 5.  Artist's Conception of the Vertically-Referenced 
Attitude Display 
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of t h e  a t t i t u d e  hold maneuver w i t h  t h e  dis turbance torques introduced about t h e  
p i t c h  and roll axes ins tead  of t he  pitch and yaw axes. 
and H each performed 20 experimental trials u t i l i z i n g  t h e  on-off acceler&,ion 
cont ro l  mode. 
system torque was s e t  at 3.33 t imes the peak disturbance torque. System per- 
formance w a s  measured i n  terms o f  accuracy (rms angular e r r o r )  throughout each 
90-second t r i a l .  

P i l o t s  A,  B, C ,  F, G 

The lower l e v e l  of disturbance torque w a s  u t i l i z e d  and t h e  con t ro l  

Figure 6 contains t h e  r e s u l t s  of t h i s  preliminary inves t iga t ion .  The six 
poin ts  p lo t t ed  at  t h e  3.33 torque advantage r a t i o  l e v e l  represent  t h e  average 
f o r  each of t h e  p i l o t s .  
I (page 32, Figure 16) and represents  performance on t h e  same t a s k  using con- 
vent iona l  a t t i t u d e  and body r a t e  indicat ions.  It can be seen t h a t  t h e  perfor-  
mance of f i v e  of t h e  six p i l o t s  was considerably improved over t h e  performance 
using conventional a t t i t u d e  indicators .  
i d e n t i c a l  t o  performance with t h e  conventional i n s  t runent s . 
s c a l e  f a c t o r  of t h e  ver t ical ly-referenced instrument was  l e s s  than half  as 
s e n s i t i v e  f o r  t h e  ver t ical ly-referenced d i sp lay  as f o r  t h e  conventional d i sp lay .  
If t h e  sca l e  f a c t o r s  had been comparable an even g rea t e r  performance advantage 
f o r  t h e  ver t ical ly-referenced d isp lay  should have r e su l t ed .  

The performance curve p lo t t ed  i s  reproduced from Volume 

The s i x t h  p i l o t  had performance near ly  
I n  addi t  ion ,  t h e  

Although t h i s  d a t a  i s  by no means conclusive,  it does ind ica t e  t h a t  t h e  
p r inc ip l e s  of ver t ical ly-referenced a t t i t u d e  and at t i tude-referenced body r a t e s  
do o f f e r  d e f i n i t e  improvements in performance and an a t t i t u d e  presenta t ion  using 
these  p r inc ip l e s  warrants further invest igat ion.  
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Figure 6. Comparison of At t i tude  Hold A-ccixracies Between 
Conventional and Vertically-Ref erenced At t i tude  
Displays 
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EXPERIMENTU STUDIES 

The sub jec t s  were in s t ruc t ed  t o  s t a b i l i z e  t h e  vehic le  t o  wi th in  1.0 degree 
This w a s  t o  be of t h e  reference axes with l e s s  than 0.1 degree/sec body rates. 

accomplished within a 180-second time period with minimum f u e l  expenditure.  The 
computer was  placed i n  a hold condi t ion automatical ly  when a l l  of t h e  angles and 
body r a t e s  were simultaneously within t h e  spec i f ied  l i m i t s .  A single-pulse mode 
of cont ro l  w a s  used w i t h  0.086 degree/sec per pulse .  
t h e  i n t e g r a l  of the  absolute  values of commanded acce lera t ions .  These i n t e g r a l s  
can be converted t o  pounds of f u e l  consumed. See Volume I and Bauerschmidt and 

The performance measure w a s  

I Besco (1962). 

Two main experimental programs were conducted during t h i s  phase. The f i r s t  
w a s  concerned w i t h  t h e  e f f e c t s  of d i sp l ay  gain o r  s ca l e  f a c t o r  on system per- 
forance and the  second w a s  concerned with measuring and comparing system per- 
f ormance r e su l t i ng  from various types of s i t u a t i o n a l  a t t i t u d e  d isp lays .  

Display Gain Study 

Experimental s tud ies  were conducted t o  determine t h e  r e l a t ionsh ip  between 
d isp lay  sca l e  fac tor  and system performance on t h e  a t t i t u d e  hold and t h e  r a t e -  
n u l l i n g  maneuvers. 
f a c t o r  i n  terms of t h e  r a t i o s  between sca l e  f a c t o r  and d i s tu rb ing  torques and 
between optimum scale f a c t o r  and j u s t  not iceable  devia t ion  ( j .n .d)  on t h e  display.  

I n  addi t ion ,  an attempt w a s  made t o  normalize d isp lay  sca l e  

The sca l e  f a c t o r s  were var ied on t h e  vern ier  a t t i t u d e  needles of t h e  three-  
axis a t t i t u d e  b a l l .  Maximum de f l ec t ion  of t h e  needles w a s  one inch. 
s tud ie s  revealed tha t  a range of s ca l e  f a c t o r s  between 0.5 degree/inch and 10 
degrees/inch was feas ib le .  
s e n s i t i v e  and system performance de te r io ra t ed  due t o  rap id  l i m i t  cycle operation. 
The angular coverage provided by the  d i sp lay  was  t o o  s m a l l  t o  allow r a t e  cancel- 
l a t i o n  between t h e  t ime t h e  needle came off  t h e  limit on one s i d e  and reached 
t h e  l i m i t  on t h e  other s ide .  The upper l i m i t  o f  t h e  ve rn ie r  s ca l e  f a c t o r  w a s  
approximately t h e  scale  f a c t o r  of t h e  a t t i t u d e  b a l l .  

Preliminary 

Below 0.5 degree/inch, t h e  sca l e  f a c t o r  was  too  

Maneuvers. The ra te -nul l ing  and a t t i t u d e  hold maneuvers were performed. 
The ra te -nul l ing  maneuver w a s  i n i t i a t e d  from plus  o r  minus 45 degree a t t i t u d e  
angles  i n  roll, pitch,  and yaw and with body rates o f  2.0 degree/sec about 
each axis. Eight combinations of i n i t i a l  a t t i t u d e  angles  and i n i t i a l  body 
r a t e s  were used. 

I n  t h e  a t t i t u d e  hold maneuver t h e  sub jec t s  were i n s t r u c t e d  t o  maintain a 
zero a t t i t u d e  e r r o r  between t h e  instantaneous vehic le  a t t i t u d e  and t h e  reference 
system axes while the vehic le  was  subjec t  t o  random dis turbance torques (rms of 



2 .154 degree/sec ) about t h e  p i t c h  and yaw axes. 
beginning of t h e  t r i a l  t h e  computations of rms angular e r r o r  and f u e l  consumption 
were s t a r t e d  automatically.  
An on-off mode of cont ro l  w a s  used w i t h  t h e  cont ro l  system torque s e t  at 3.33 
t imes t h e  peak dis turbance torques.  The performance measures were t h e  vector  
sum o f  t h e  p i t ch  and yaw rms angular e r ror  components and t h e  i n t e g r a l  of t h e  
absolute  value of commanded accelerat ions.  

F i f t een  seconds a f t e r  t h e  

The scored port ion of t h e  t r i a l  l a s t e d  90 seconds. 

Data reduction. The d a t a  analyses employed ana lys i s  of variance procedures. 
Appropriate F r a t i o s  were derived by the procedure suggested by Winer (1962). 

Fxperimental design. Subjects A ,  B ,  D and I were used. Two of t he  p i l o t s  
s t a r t e d  using t h e  highest  s ca l e  f a c t o r ,  performed two consecutive s t a b i l i z a t i o n  
tr ials and two consecutive t racking  t r ia l s  a t  each sca l e  f a c t o r  i n  a descending 
order  down t o  t h e  lowest s ca l e  f a c t o r  and progressed up t o  t h e  highest  and back 
down. The e ight  i n i t i a l  condition combinations of a t t i t u d e  angles and body r a t e s  
were randomized within each block of eight s t a b i l i z a t i o n  t r i a l s  f o r  each subjec t .  
The performance e s t i g a t e  f o r  each scale  f a c t o r  and maneuver combination w a s  based 
on s ix t een  observations ( 4 t r i a l s  f o r  each of 4 sub jec t s ) .  
t h r e e  complete 4 by 12 random model f a c t o r i a l  designs with sub jec t s  and sca l e  
f a c t o r s  as t h e  experimental var iab les .  

This r e su l t ed  i n  

Resul ts .  The r e s u l t s  of t h e  three performance measures on t h e  two maneuvers 
were t r e a t e d  independently. 
cedures f o r  t h e  t h r e e  perfomance measures, a r e  summarized i n  Tables 3 ,  4, and 
5 .  
w e r e  s i g n i f i c a n t  beyond t h e  .01 l e v e l  on t h e  vec tor  sums of t h e  rms e r r o r  f o r  
t h e  a t t i t u d e  hold maneuver and beyond the  .10 l e v e l  on t h e  f u e l  index f o r  t he  
ra te -nul l ing  maneuver. Subjects was a s ign i f i can t  va r i ab le  beyond t h e  .01 
l e v e l  f o r  a l l  t h r e e  measures. Figure 7 contains  t h e  p lo t  of system performance 
f o r  t h e  var ious sca l e  f ac to r s .  
g r e a t e s t  a t  t h e  upper and lower ranges o f  t h e  sca l e  f a c t o r s .  Thus, t h e  optimum 
region f o r  f u l l  s ca l e  de f l ec t ion  o f  the vern iers  f o r  t hese  maneuvers would seem 
t o  l i e  somewhere between 0.75 degree/inch and 2.0 degree/inch. Further i n t e r -  
p r e t a t i o n  of these  r e s u l t s  w i l l  be given i n  t h e  discussion sec t ion .  

The da ta  analyses,  using ana lys i s  of variance pro- 

E f fec t s  on system perfoimance caused by chacges i n  ve rn ie r  s ca l e  f a c t o r s  

The f u e l  consumption and t h e  rms e r r o r  were 
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TABLE 3. 

DISPLAY G A I N  STUDY 
ANALYSIS OF VARLANCE SUMMARY: RMS E;RROR ON THE ATTITUDE HOLD MANEUVER, 

Source of Variation 

Subjects  (A) 
Scale Factors (B) 
AB 
Experimental E r r o r  

(within c e l l )  

SUm Degrees of 
of Squares Freed om Mean Square F 

4.3813 3 1.4604 18.583t:t:? 
7.8130 11 .7103 9 .04+t:t::- 
2.5934 33 ,0786 1.16 
9 7209 14.4. .Ob75 

TABLE 4. 
ANALYSIS OF VARIANCE SUMMARY: INDEX OF FUEL CONSUMED ON THE 

ATTITUDE HOLD MANEWER, DISPLAY GAIN STUDY 

Source of Variation 

Subjects  (A) 
Sca le  Factors (B) 
AB 
Experimental E r r o r  

(within c e l l )  

SUm Degrees of 
of  Squares Freedom Mean Square F 

129.465 5 3 43.1552 15.30+wc 

771.8773 14.4 5.3603 

31.8474 11 2.8952 1.03 
93 A955 33 2.8211 .53 

SUm 
Source of Variat ion o f  Squares 

Subjects  (A) 413.4920 
Scale  Factors (B) 84 7290 
AB 137.1643 
Experimental Error 1567.2242 

(within c e l l )  

25 

Degrees of 
Freedom Mean Square F 

3 137.8307 33 .20+t:st 
11 7.7026 1.864~ 
33 4.1565 .38 

144 10.883 5 



Display Comparison Study 

Four types of  d i sp lays ,  represent ing d i f f e r e n t  means of present ing t h e  
The purpose was  t o  sane a t t i t u d e  information, were compared i n  t h i s  study. 

evaluate  t h e  resu l t ing  system performance when using t h e  various displays.  
The d isp lays  u t i l i zed  t o  represent  these  four  types were chosen p r i m w i l y  
on t h e  bas i s  of a v a i l a b i l i t y .  

The f o u r  display types ,  described previously i n  t h i s  r epor t ,  were: (1) 
t h e  three-axis a t t i t u d e  b a l l  d i sp l ay ,  (2) t h e  ind iv idua l  axes d isp lay ,  ( 3 )  
t h e  pred ic tor  display and (4) t h e  three-dimensional model display.  The sca l e  
f a c t o r s  on a l l  of these  displays were p r a c t i c a l l y  iden t i ca l .  

The three-axis a t t i t u d e  b a l l  represented t h e  type of a t t i t u d e  presenta t ion  
t o  be used i n  t h e  G e m i n i  and Apollo vehicles .  
all-axis, inside-out presentat ion,  which i s  t o  a l a rge  degree an outgrowth of 
conventional aircraft a t t i t u d e  d isp lays .  

The d isp lay  provided an in tegra ted ,  

The individual  axes d isp lay  represented t h e  type of presenta t ion  used i n  
t h e  Mercury spacecraft .  
separa te  meter and could be mechanized f o r  e i t h e r  an l1inside-outI1 or 'loutside- 
in1! presentat ion.  
t o  conform t o  the  Mercury capsule configuration. 
received emphasis i n  space programs because of i t s  mechanization s impl ic i ty ,  
low weight and l o w  power consumption. 

It presented t h e  a t t i t u d e  angle of each a x i s  on a 

I n  t h i s  study it w a s  mechanized as an 'Joutside-inll d i sp lay  
This type of d i sp lay  has 

The predictor  d i sp lay  was  a development of Kelley (1962), and has been 
received with considerable i n t e r e s t  i n  research s tud ie s  by d isp lay  and con t ro l  
system designers .  It provided an in t eg ra t ed ,  all-axis presenta t ion ,  The pre- 
d i c t o r  could be mechanized f o r  e i t h e r  an Ifinside-out1l or an 1Ioutside-in1l pre- 
sen ta t ion .  I n  t h i s  study, it w a s  mechanized an an 'loutside-in" d isp lay ,  p r i -  
mari ly  due t o  t h e  ease of mechanization of t h i s  mode. 

The three-dimensionalmodel d i sp lay  w a s  first suggested by Hopkins and 
Bauerschmidt (1960) for use pr imari ly  i n  spacecraf t .  
all-axis, I1outside-in1l presentat ion.  The p a r t i c u l a r  model used here was  a 
breadboard model developed previously t o  demonstrate t h e  f e a s i b i l i t y  of t h i s  
type of display.  

It provided an i n t eg ra t ed ,  

Control system. The on-off acce lera t ion  mode of con t ro l  was used f o r  t h e  
a t t i t u d e  hold maneuver. 
were used f o r  t h e  a t t i t u d e  change and t h e  s t a b i l i z a t i o n  maneuvers. 
parameters f o r  these modes were described i n  t h e  Simulation Section. 

The s ing le  pulse and repeated pulse modes of con t ro l  
The exact 
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Experimental procedure. Subjects A,  B,  D and E received twelve consecutive 
t r ia l s  using each of t h e  f o u r  displays.  
consecutive s t a b i l i z a t i o n  maneuvers, four a t t i t u d e  change maneuvers and four  
t racking  maneuvers. The order of  presenting t h e  d isp lays  and maneuvers w a s  
counterbalanced between subjec ts .  For the  s t a b i l i z a t i o n  maneuver, s ix teen  
i n i t i a l  condition combinations of a t t i t u d e  angles and body r a t e s  were used. 
The l i s t  was presented i n  a random order t o  each subjec t .  
condi t ion combinations of  a t t i t u d e  angles were used f o r  t h e  a t t i t u d e  change 
maneuver. 
subjec t .  The performance estimate f o r  each maneuver and d isp lay  combination 
was  based on s ix teen  observations ( four  t r i a l s  f o r  each of four  subjec ts ) .  
This r e su l t ed  i n  th ree  complete f o u r  by four  f a c t o r i a l  designs with d isp lays  
and subjec ts  as t h e  experimental var iables .  
treatment e f f e c t  and d isp lays  a f ixed  e f f ec t .  

These twelve trials consisted of f o u r  

Eight i n i t i a l  

The l i s t  was randomized within each block of e ight  t r i a l s  f o r  each 

Subjects w a s  considered a random 

SUm Degree of 
Source of Variation of  Squares Freedom Mean Square F 

Displays (A)  134.1410 3 lc4 7137 
Subjects  (B) 115.2870 3 38 4290 , \7r I\ 

AB 53.6150 9 5 9572 3 *433""5 

7.513~~6 
22 .l42$ UL 

Experiment a1 Error 83.3015 48 1.7354 
- 

Resul ts .  The r e s u l t s  of t h e  analyses of variance f o r  t h e  a t t i t u d e  hold 
maneuver are summarized i n  Tables 6 and 7 f o r  t h e  f u e l  consumption and t h e  r m s  
e r r o r  scores ,  respect ively.  The e f fec t  due t o  d i sp lays ,  t h e  e f f e c t  due t o  
sub jec t s ,  and t h e  displays by subject i n t e rac t ion  caused s ign i f i can t  va r i a t ions  
i n  f u e l  consumption a t  t h e  .01 l e v e l .  
as a performance measure, ind iv idua l  comparisons showed t h a t  t h e  pred ic tor  per- 
formed b e t t e r  than t h e  three-axis  b a l l  o r  t h e  three-dimensional model d i sp lays  
a t  t h e  .01 l e v e l ,  and b e t t e r  than  t h e  ind iv idua l  axes d isp lay  at t h e  .05 l e v e l .  
A l s o ,  ind iv idua l  comparisons showed t h a t  t h e  three-dimensional model d i sp lay  
required more f u e l  than the  three-axis b a l l  (.lo l e v e l )  o r  t h e  individual  axes 
d i sp lay  ( .O5 l e v e l ) .  
between displays were s ign i f i can t  at the  .05 l e v e l ,  and t h e  var ia t ions  between 
sub jec t s  were s ign i f i can t  at t h e  .01 l eve l .  
a c t i o n  was a l s o  s ign i f i can t .  
f o r  t h e  pred ic tor  were s i g n i f i c a n t l y  l e s s  than those f o r  t h e  other  t h ree  d is -  
plays ( .01 level) .  Figures 8 and 9 show mean performance on each display for 
f u e l  consumption and rms error scores, respec t ive ly .  

When using t h e  index of f u e l  consumed 

Analysis of t he  ms error scores showed t h e  d i f fe rences  

The d isp lays  by subjec ts  Liter- 
Individual comparisons showed t h e  e r ro r  scores  

TABU 6. 
ANALYSIS OF VARIANCE SUMMARY: INDEX OF FUEL CONSUMED ON THF, 

ATTITUDE HOLD MANEUVER, DISPLAY COMPARISON STUDY 



TABLE 7. 
ANALYSIS OF VARIANCE SUMMARY: RMS ERROR ON THE 

ATTITUDE HOLD MANEWER, DISPLAY COMPARISON STUDY 

Source of Variation 

Displays ( A )  
Subjects (B) 
AB 
EXperimental Error 
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of Squares I Degree Freedom Of 

I 

n = 4  
A w a s  considered t o  be a f ixed  treatment e f f e c t .  
B w a s  considered t o  be a random treatment e f f e c t .  
~ ~ ' \ ~ ~  Signif icant  at  t h e  .01 l e v e l .  

3 3 5  Signif icant  at  t h e  .05 l e v e l .  
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Figure 9. Fuel Consumption on the Attitude Hold Maneuver 
for Each Display 

Tables 8 and 9 contain the results 3f the analyses of variance for the 
The index of fuel 
The only significant 

stabilization maneuver and the attitude change maneuver. 
consumed was the performance measure for both maneuvers. 
variance for both maneuvers was that caused by differences between subjects. 

TABLE 8. 
ANALYSIS OF VARIANCE SUMMARY: INDEX OF FUEL CONSUMED ON THE 

STABILIZATION MANEWER, DISPLAY COMPARISON STUDY 
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T A B U  9 .  
ANALYSIS OF VARMCE SUMMARY: INDEX OF FUEL CONSUMED ON THE 

ATTITUDE CHANGE MANEUVER, DISPLAY COMPARISON STUDY 

SUm 
of Squares Source of Variation 

Degrees of 
Freedom 

2.3326 
io. 1163 
2 9378 

21.0813 

Mean Square I 
3 
3 
9 

57 

Displays (A) 
Subjects (B) 
AB 
Error  (pooled) 

.775 
3 0372 

-3264 
.3698 

2.10 
9 ,124Wt 

.86 

Att i tude  Hold S t a b i l i z a t i o n  At t i t ude  Change 

12 11 11 
8 8 7 
3 5 6 
1 0 0 

n = 4  
A w a s  considered t o  be a f ixed  treatment e f f e c t .  
B w a s  considered t o  be a random treatment e f f e c t .  
4sWigni f icant  at t h e  .01 l e v e l .  

Overall % 

94.4% 
63 9% 
38.9% 
20% 

After t h e  study was completed a d isp lay  preference survey was  conducted. 
Each subject  was given a s e t  of eighteen cards with one of t h e  t h r e e  maneuvers 
and two of t h e  four d isp lays  l i s t e d  on each. Thus, t he re  were six possible  
combinations of displays f o r  each of t h ree  maneuvers. 
t o  choose which of t h e  two d isp lays  he would p re fe r  i n  order t o  perform t h e  
p a r t i c u l a r  maneuver l i s t e d  on each card.  
u t i l i t y  of t h e  display as a c r i t e r i o n  f o r  making h i s  s e l ec t ion .  
any d isp lay  could be prefer red  a maximum of 12 times (prefer red  over t h e  o ther  
t h r e e  d isp lays  by each o f  t h e  four  p i l o t s ) .  The sub jec t s '  preferences between 
d isp lays  for each maneuver and t h e  ove ra l l  percentages a r e  contained i n  Table 10. 
Across a l l  t h r e e  maneuvers, t h e  pred ic tor  d i sp l ay  w a s  p refer red  94.4% of t h e  time, 
t h e  three-axis b a l l  was preferred 63.9% of t h e  t ime,  t h e  three-dimensional d i sp l ay  
was  preferred 38.9% of the  time and t h e  ind iv idua l  a x i s  d i sp lay  was  prefer red  
only 2.G of t h e  time. The percentage of agreement between sub jec t s  on t h e i r  
choice o f  d i sp lays  was 91.7%. 

The subject  was  i n s t ruc t ed  

He w a s  i n s t ruc t ed  t o  use t h e  opera t iona l  
For each maneuver, 

TABLE 10. 
REUTIVE FREQUENCIES OF PILOT PREFERF;NCES FOR 

THE DISPLAYS ON EACH MANEUVER 

Displays 

Predict  o r  
Three-Axis Ball  
Three-Dimensional 
Individual  Axes 
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DISCUSSION 

This sec t ion  of t h e  report  contains b r i e f  discussions,  i n t e rp re t a t ions  and 
r ecommda t ions  of t h e  r e s u l t s  of t h e  exploratory and experimental s tud ies .  
Some suggested pr inc ip les  and guidelines f o r  d i sp lay  system designs a r e  a l so  
out l ined.  

Off-Axis Telescope Orientat ion 

The r e s u l t s  of t h e  preliminary invest igat ions suggest t h a t  a s k i l l e d  p i l o t  
can r ead i ly  l e a r n  and r e c a l l ,  a t  least on a short-term bas i s ,  t h e  complex and 
unconventional motions across  an o f f - a x i s  f i e l d  of view. 
f ixed or l imi ted  loca t ions  of telescopes r e l a t i v e  t o  cont ro l  axes, no overlay 
or sc r ibe  l i n e  a i d s  would be required on r e l a t i v e l y  short  missions. It s t i l l  
remains t o  be determined how wel l  t h e  motion paths could be r eca l l ed  a f t e r  long 
periods.  I n  most spacecraf t  i n  which o f f - a x i s  te lescopes would be mounted, t he  
te lescope would most l i k e l y  be used at  least da i ly .  There would probably be no 
requirement f o r  long term re t en t ion  of motion paths and t h e  associated cont ro l  
s k i l l s .  

It seems t h a t ,  f o r  

O f  even g rea t e r  i n t e r e s t  would be t h e  number of te lescope or ien ta t ions  and 
t h e  magnitude of t h e  angular differences i n  loca t ion  between these  loca t ions  
which could be learned,  remembered and r eca l l ed  by an astronaut .  
needed about t h e  e f f e c t s  on a t t i t u d e  collti-ol system performance of (1) t h e  
number of d i s c r e t e  l o c a t i m s  and- (2) t h e  angular magnitude through which a 
te lescope can be slewed. 

More d a t a  i s  

Vertically-Referenced At t i tude  Display 

The r e s u l t s  o f  t h e  study on t h e  ver t ical ly-referenced a t t i t u d e  ind ica tor  
indicated t h a t  t h e  d isp lay  could enhance cont ro l  of t h e  p i t ch  and roll axes 
during hover and v e r t i c a l  maneuvers. 
rates provides an integrat .ed presentation which i s  both s i t u a t i o n a l  and 
'Iquickenedl' (see Birmingham and Taylor, 1954). 
and r a t e  symbols a l l o w s  t h e  p i l o t  t o  s e l e c t  any r a t e  of r e tu rn  t o  zero e r r o r  
and does not depend on a damping f a c t o r  which i s  optimized f o r  a p a r t i c u l a r  
maneuver or s e t  of conditions.  

The pr inc ip le  of a t t i t u d e  referenced body 

The separat ion of t h e  pos i t ion  

The e n t i r e  d i sp lay  configuration was  designed t o  maximize performance 
during v e r t i c a l  maneuvers. It s t i l l  remains t o  be demonstrated t h a t  t h e  con- 
cept i s  adequate f o r  other  required maneuvers such as docking, alignment f o r  
r e t r o f i r e ,  e t c .  
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Display G a i n  Study 

There was a decided improvement i n  performance on t h e  t r ack ing  maneuver 
when t h e  display sca l e  f a c t o r  was between 0.75 degree/inch and 2 degree/inch. 
This s ca l e  f ac to r  range provided adequate reso lu t ion  and allowed t h e  p i l o t s  t o  
keep t h e i r  control  movements we l l  below one cycle per second. From Figure 5 
it can be seen t h a t  t he re  was a decided decrement below 0.75 degree/inch. A t  
a f u l l  s ca l e  of +0.5 degree/inch, t he  operator had t o  operate t h e  con t ro l  at  
near ly  one cycle-per second a grea t  d e a l  of t h e  time t o  prevent t h e  displayed 
e r r o r  from l imi t ing .  Consequently he would get out of phase with excursions 
i n  t h e  displayed e r r o r .  
performance decrement with t h i s  s ca l e  f a c t o r .  

This was  considered t o  be t h e  major cause of t h e  

It w a s  demonstrated t h a t  f o r  maneuvers requring low-frequency cont ro l  
ac tua t ion  such as a t t i t u d e  change, s t a b i l i z a t i o n  and ra te -nul l ing ,  t h e  s c a l e  
f a c t o r  on t h e  display was  not a c r i t i c a l  var iab le  t o  system performance. 
Qua l i t a t ive ly ,  the p i l o t s  expressed a preference f o r  d i sp lays  with a sca l e  
f a c t o r  from 2 degee/inch t o  5 degree/inch f o r  t hese  maneuvers. This s ca l e  
f a c t o r  allowed enough r e so lu t ion  s o  t h a t  t h e  to le rance  bands of one degree 
could be e a s i l y  read. Also,  t h e r e  w a s  enough range s o  t h a t  r a t e s  could be 
cancelled between t h e  time t h a t  t h e  needle came out of limit and t h e  time 
it crossed zero,  

It was  observed during these  s tud ie s  t h a t  optimum d i sp lay  gain o r  s c a l e  
For a d i sp lay  with f a c t o r  w a s  a l s o  dependent on t h e  t o t a l  range of d i sp lay .  

a f ixed  sca l e  f ac to r  these  two va r i ab le s  a r e  inverse ly  proport ional  and t h e  
optimum s c a l e  f ac to r  has t o  be a trade-off between t h e  optimum values of both 
s c a l e  f a c t o r  and range. 

The attempt t o  normalize sca l e  f a c t o r  with e i t h e r  d i sp l ay  devia t ion  
thresholds ,  disturbance torques or p i l o t  response frequencies  was not 
successful .  

Display Comparisons 

For t h e  a t t i t u d e  hold o r  t r ack ing  maneuver, t h e  pred ic tor  d i sp l ay  w a s  
c l e a r l y  super ior  t o  t he  o ther  t h reee  types  of d i sp l ays ,  both i n  terms of accuracy 
and f u e l  consumption. 
which should have placed the  pred ic tor  d i sp l ay  a t  a disadvantage. 
p red ic tor  format was the  l e a s t  familiar format t o  t h e  p i l o t  sub jec t s .  
ve rn ie r  s ca l e  f ac to r  on t h e  pred ic tor  (2.5 degree/inch) w a s  s l i g h t l y  less sensi-  
t i v e  than  t h e  sca le  f a c t o r  f o r  t h e  o ther  t h r e e  d isp lays  (2.0 degree/inch). 
From Figure 7 it can be seen t h a t  t r ack ing  performance should be l e s s  accurate  
a t  t h e  higher sca le  f ac to r ;  however, p red ic tor  performance c l e a r l y  overshadowed 
t h i s  disadvantage. 

This s u p e r i o r i t y  w a s  achieved i n s p i t e  of two condi t ions 
F i r s t ,  t h e  

Two, t h e  
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The q u a l i t a t i v e  comments from the  p i l o t s  ind ica ted  t h a t  t h e  superior  per- 
formance and p i l o t  preferences f o r  the pred ic tor  r e su l t ed  from one primary 
p r inc ip l e  of t h e  d isp lay .  This pr inciple  has been termed the  "a t t i t ude -  
referenced-rate" p r inc ip l e .  This pr inciple  embodies two f ea tu res  which enhance 
t r ack ing  performance. One, t h e  display i s  i n  a sense both quickened and 
s i t u a t i o n a l .  The f u t u r e  time symbols devia te  from t h e  present  time symbol as 
a func t ion  of de r iva t ive  or r a t e  information. This allows t h e  p i l o t  t o  n u l l  
r a t e s  before  a t t i t u d e  has deviated and a l s o  allows t h e  p i l o t  t o  s e l e c t  h i s  own 
quickening o r  damping coe f f i c i en t s  when nu l l ing  a l a rge  a t t i t u d e  error.  The 
second f e a t u r e  i s  t h a t  t h e  format used allowed t h e  r a t e  and vern ier  a t t i t u d e  
t o  be presented i n t e g r a l l y  i n  t h e  same loca t ion ,  t hus  g r e a t l y  reducing the  
p i l o t  eye scan or cross-check burden. The combined vern ier  attitude-body r a t e  
presenta t ion  would add considerable mechanization complexities t o  the  other  
t h r e e  d i sp lay  formats . 

The above arguments i n  favor of t h e  pred ic tor  d i sp l ay  do not preclude 
t h e  use of t h e  other d i sp lays  when overal l  system ef fec t iveness  i s  considered. 
The three-axis  b a l l  ce r t a in ly  o f f e r s  advantages i n  terms of p i l o t  f a m i l i a r i t y ,  
proven off-the-shelf mechanization techniques and consistency of motion with 
an ex te rna l  f i e l d  of view. The individual  axes d isp lay  o f f e r s  l ight-weight,  
low-power consumption, and mechanization s impl i c i ty  advantages with d i s -  
advantages i n  increased panel a rea  and a more abs t r ac t  presentat ion.  
t h r e e  dimensional model o f f e r s  advantages f o r  remote cont ro l  of unmanned 
s h u t t l e  vehic les  where t h i s  d i sp lay  now becomes consis tent  with motions i n  
t h e  ex te rna l  f i e l d  of view. 

The 

CONCLUSIONS 

The p r inc ip l e  of "at t i tude-ref  erenced-body r a t e s "  , which w a s  embodied in 
t h e  pred ic tor  d i sp lay  used i n  t h i s  study, was  demonstrated t o  o f f e r  marked 
advantages f o r  t racking  accuracy and f u e l  e f f ic iency .  
t o  enable t h e  incorporat ion of t h i s  p r inc ip l e  i n t o  other  types of a t t i t u d e ,  
t r a j e c t o r y  and o ther  vehicular  control  d i sp lays  should be inves t iga ted .  

Mechanization techniques 

The da ta  reported herein support t h e  conclusion t h a t  information content ,  

P i l o t s  demonstrated a marked preference 
d i s p l a y  range and d isp lay  resolut ion a r e  more c r i t i c a l  var iab les  in disp lay  
des ign  than  d i sp lay  format var iables .  
f o r  i n t eg ra t ed  d isp lays  with an analog format. 
d i sp l ay  formats were l a r g e  and s t a t i s t i c a l l y  s i g n i f i c a n t ,  o ther  system con- 
s i d e r a t i o n s  do not e l iminate  any of t hese  four  types f o r  consideration i n  
f u t u r e  spacecraf t .  

Although d i f fe rences  between 
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APPENDIX 

PFEDICTOR DISPLAY MECHANIZATION 

INTRODUCTION 

This appendix descr ibes  t h e  analog computer and e l ec t ron ic  c i r c u i t  
mechanization which w a s  used during t h i s  study f o r  t h e  evaluat ion of t h e  pre- 
d i c t o r  concept. 

The spacecraf t  p red ic tor  d i sp lay  configurat ion t h a t  has been chosen f o r  
t h i s  s tudy has been described i n  t h e  body of t h i s  r epor t .  
p red ic to r  u t i l i z e d  a panel-mounted seven-inch cathode ray  tube (CRT) which 
displayed symbols represent ing t h e  spacec ra f t ' s  roll, p i t c h  and yaw orien- 
t a t i o n  at  t h e  present and t w o  f u t u r e  i n s t a n t s  of time. These symbols were 
e l e c t r o n i c a l l y  generated and were positioned by t h e  output of a fast-time 
analog computer. 

The spacecraf t  

The d isp lay  symbol generator permitted t h e  choice of a v a r i e t y  of d i sp lay  
symbology made up of simple l i n e  elements. 
permitted t h e  adjustment of t h e  s i z e  of each symbol from zero t o  t h e  f u l l  CRT 
diameter.  
i n  symbol s i ze .  

I n  addi t ion ,  t h e  mechanization 

The i n t e n s i t y  of each symbol w a s  var ied t o  compensate for changes 

Since t h e  e f f ec t  of pred ic t ion  time upon system performance w a s  t o  be 
evaluated during t h i s  study, fast-time computer mechanization provided a ready 
means of a l t e r i n g  t h e  pred ic t ion  t ime  f o r  each symbol. 

The func t iona l  block diagram shown i n  Figure Al i l l u s t r a t e s  t h e  spacecraf t  
p red ic to r  mechanization and operation. 
time standards.  
analog computations and had an adjustable  period t h a t  could be se lec ted  by t h e  
experimenter. 
t h e  d i sp lay  symbol generator t o  wri te  recurrent  d i sp l ay  d a t a  frames at 60 cps. 

The system contained two independent 
One clock determined t h e  pred ic t ion  time of t h e  fast-t ime 

The o ther  clock operated a t  high speed and w a s  used t o  t r i g g e r  

The predicted d i sp lay  symbol coordinates and t h e  predicted s i n e  and cosine 
of roll angle used t o  r o t a t e  t h e  symbols were held i n  a t r a c k  s t o r e  un i t  f o r  
t h e  du ra t ion  of each predic t ion  cycle. 
by t h e  d i sp lay  sampling ga tes  a t  a 240 cps r a t e .  
d i s p l a y  sampling ga tes  provided: 

The t r a c k  s t o r e  u n i t  w a s  in te r roga ted  
The sequent ia l  output of t h e  

1. Signals f o r  t h e  o r i en ta t ion  of each of t h e  pred ic tor  symbols. 

2. Ver t i ca l  de f l ec t ion  corresponding t o  t h e  predicted p i t c h  angle f o r  
each symbol. 

3 .  Horizontal  de f l ec t ion  corresponding t o  t h e  predicted yaw angle f o r  
each symbol. 
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CIRCUIT DESCR IF’TI ON 

A d e t a i l e d  c i r c u i t  block diagram is shown i n  Figure A2. A t r i g g e r  from 
t h e  clock output 5-6 pulsed a scale-of-eight binary counter which w a s  decoded 
t o  a sequent ia l  count v i a  t h e  symbol decoding m a t r i x  and forced t o  count six. 
The count of six w a s  accomplished by dr iving a l l  t h e  counter r e s e t  l i n e s  with 
decimal six. 
matrix column sensed t h e  r e s e t  condition (normal e ight  count) and supplied it 
during t h e  s i x t h  i n t e r v a l .  

In  order t o  have a six output from t h e  decoding m a t r i x ,  a s p e c i a l  

The six sequent ia l  decoded pulses  were reformed v i a  t h e  dua l  i n v e r t e r  
modules i n t o  t h e  standard 1 5  v o l t  log ic  l e v e l  and i t s  complement. 
pu ts  were ava i l ab le  at patching jacks f o r  subsequent use i n  generating t h e  
d i sp lay  symbology. A basic  symbol of m a x i m u m  d isp lay  s i z e  w a s  constructed 
according t o  t h e  patching sequence used by t h e  experimenter (Figures A3 and 
A4 i l l u s t r a t e  t h e  r e s u l t s  of t h e  process). 

These out- 

The in tegra ted  pedes ta l  l e v e l s  i n  X and Y were l i n e a r  de f l ec t ion  signals 
whose s lope  w a s  proport ional  t o  t h e  pedestal  input amplitude t o  t h e  in t eg ra to r .  
Because of t h e  d isp lay  requirement fo r  t h r e e  d i f f e r e n t  s i z e s  of space vehic le  
symbols, t h e  in t eg ra to r  outputs  were patched t o  t h e  X and Y s i z e  cont ro ls  
which permitted continuous s e t t i n g  of t h e  symbol s i z e  and aspect  r a t i o  by t h e  
operator .  The s i z e  cont ro l  outputs  were impedance transformed v i a  t h e  bu f fe r  
s ec t ion  and applied t o  the  transmission gate  inputs .  
t h e  t ransmission ga tes  was buffered by two opera t iona l  ampl i f ie rs  i n  cascade, 
xhich PAde both p o l a r i t i e s  of t h e  output signal ava i l ab le  for subsequezt pro- 
cess ing  by t h e  d isp lay  reso lver  and def lect ion s*mu&n,g c i r c u i t r y .  

The sequent ia l  output of 

A t h i r d  block of gat ing c i r c u i t s ,  i d e n t i c a l  t o  t h a t  previously descr ibed,  
w a s  used t o  produce unblanking pedestals for each of t he  d i sp lay  symbols. Ad- 
justment of t h e  unblanking l e v e l  was necessary t o  compensate f o r  va r i a t ions  in 
t h e  phosphor duty cycle t h a t  occurred as a r e s u l t  o f  symbol s i z e  changes. The 
remaining transmission gates  sampled the  computed p i t c h ,  roll and yaw q u a n t i t i e s  
for f u r t h e r  processing by the  symbol reso lver  and de f l ec t ion  outputs group. 

The l ine-lock f ea tu re  o f  t h e  symbol generator ,  Figure A2 ,  5-5, 5-7 was 
included for t h e  purpose of n e g a t i n g t h e  e f f e c t s  of 60 cps-based-ripple i n  t h e  
remote d i sp lay  equipment. The l ine-lock f e a t u r e  operated as follows. A t  t h e  
conclusion of t h e  fou r th  displayed symbol t h e  ga t ing  pulse  reset t h e  master 
t r i g g e r  binary t o  a s t a t e  t h a t  inh ib i ted  t h e  output gate  of t h e  system clock. 
The system t r i g g e r  w a s  prevented f r o m  i n i t i a t i n g  f u r t h e r  generator ac t ion  u n t i l  
t h e  master t r i g g e r  was s e t .  
c i r c u i t  which s e t  t h e  master t r i g g e r ,  permit t ing t h e  symbol generation t o  pro- 
ceed. 

The next 60 cps l i n e  period t r iggered  a Schmitt 

The mechanism f o r  d i sp lay ing  symbol roll and d i sp lay  coordinate loca t ion  
i s  i l l u s t r a t e d  i n  Figure A5.  
present-time and fast-t ime computations were applied t o  t h e  reso lver  and de- 
f l e c t i o n  ampl i f ie rs .  
s e n t  t o  t h e  monitor and simulator CRT d i sp lays .  

The sampled computed a t t i t u d e  va r i ab le s  from t h e  

The Y and X def lec t ion  amplif ier  outputs were i n  t u r n  
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Figure A3.  Symbol Generator Wavef o m s  
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SAMPLED SIN #, 
(FROM DISPLAY GATES) 

Figure A 5 .  Predictor  Symbol Resolver and Deflection Outputs 
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1 P R D I C T I O N  COMPUTER 

The computer schenatic diagrams appear i n  Figures A5,  A6 and A6a, Figures 
A6 and A6a a r e  ind ica t ive  of t h e  pred ic t ive  technique, while Figure A5 i l l u s -  
trates t h e  high-speed r e so lve r  technique. 

The predict ion computer computations were performed on an Electronic  
Associates Model TR-10 Analog Computer capable of r e p e t i t i v e  operation. 
pred ic t ion  span o r  computer-operate i n t e r v a l  w a s  chosen by t h e  experimenter 
based upon t h e  fast-time analog sca l ing .  
increase  of 500 over t h e  real-t ime problem computation. 

The 

This s ca l ing  represented a speed 

The body angular r a t e s  (i, 4 and c )  were continuously supplied t o  t h e  
fast - t ime analog la rge ly  by t h e  equipment of Figure A 6  which solved t h e  
following equations: 

$ = p + *  S i n 8  (a 
8 = q COS $ - r s i n  $ (A21 

\Ir = (q Sin  $+r COS $) 1 (A3 1 
cos 8 

In  t u r n ,  t h e  fast-t ime or r e p e t i t i v e  analog solved f o r  t h e  predicted values  
of p ,  q, r ,  Sin $ and Cos $. 
held wi th in  t r a c k  s to re  u n i t s ,  f o r  subsequent readout by t h e  d i sp lay  sampling 
u n i t .  
device where t h e  storage period w a s  equal t o  t h e  computer operate  time. 

The instantaneous value of t hese  va r i ab le s  was 

The t r a c k  store un i t  as i l l u s t r a t e d  i n  Figure A6a, was  an analog s torage  

Although t h i s  system was  f a i r l y  wasteful  of components, it had two ad- 
vantages f o r  solut ion of t h e  pred ic tor  problem: 

1. Small var ia t ions  i n  predicted q u a n t i t i e s  (normally appearing as noise)  
were eliminated over t h e  s t o r e  span. 

2. The t r a c k  s to re  i n t e r v a l  w a s  d i r e c t l y  proport ional  t o  t h e  predicted value 
of t h e  vehicle  a t t i t u d e  with r e spec t  t o  time. 

A s  a consequence of (2) above, t h e  number of predicted symbols could be increased 
d i r e c t l y  by increasing the  number of s torage  units. 

The output of the reso lver  consis ted o f  a n  t h e  vehic le  analog symbols sca led  
i n  s i z e  and appropriately or ien ted .  
sampled p i t c h  and yaw s igna l s  a t  t h e  de f l ec t ion  ampl i f ie rs ,  which served as l i n e  
d r i v e r s  f o r  t h e  simulator d i sp lays  and computer room monitor. 

The reso lver  s i g n a l  w a s  s m e d  with t h e  
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LIST OF SYMBOLS 

Symbol 

-r T T I I I =, YY, z z  

r m s  o r  RIG 

n 

Subscr ipt  rrell 

Defini t ion Units 

2 
Moments of i n e r t i a  about t h e  body axes. f t -lbs/s ec 

Scalar  components of t h e  vehic le  angular 
ve loc i ty  vector w i t h  respec t  t o  i n e r t i a l  
space,  along t h e  body axes corresponding 
t o  roll, p i t c h  and yaw, respect ively.  

Scalar  components of t h e  vehic le  angular 
acce lera t ion  vector with respec t  t o  
i n e r t i a l  space, along t h e  body axes. 

rad/sec 

2 rad/sec 

Components of t h e  t o t a l  ex t e rna l  torque lb - f t  
on t h e  vehic le  about t h e  body axes. 

Ind ica tes  a var iable  commanded by t h e  astronaut  
b e * ,  P, = commanded roll r a t e ) .  

A s e t  of Euler angles. 

Corresponding Euler angular r a t e s .  

Root mean square e r ro r .  

Nmber of observations per  c e l l .  

Ind ica tes  an e r ror  quant i ty .  

radians o r  
degrees 

rad/sec o r  
deg/sec 


